Background: Connexin-43 (Cx43) expression is reduced or redistributed in heart disease. Restraint or other emotional stressors might cause sudden death in persons with such diseases, but the mechanism of death and its connection to Cx43 during restraint remain unknown. Whether Cx43 distribution or gap junction (GJ) function during restraint is involved in sudden arrhythmic death in rats is addressed in this study.
xtreme excitement or struggle against forced restraint (immobilization, IMO) imposed by policemen or psychiatric nurses might occasionally result in sudden death. 1,2 These instances of sudden death related to IMO or other emotional stressors often occur in persons with coronary sclerosis, hypertension, and cardiac hypertrophy. 1- 6 Immobilized rats, which were used to establish the fightor-fright doctrine of Hans Selye on cardiovascular responses to emotional stress, 7 are a useful animal model in this regard. We reported previously that IMO precipitates myocardial contractile dysfunction in ovariectomized rats, 8 as also observed in stress-induced cardiomyopathy. 9 Connexin-43 (Cx43) is the primary component of cardiomyocyte gap junctions (GJs), which regulate intercellular coupling, 10,11 conduction velocity (CV), and anisotropy. 12 In patients who had previously experienced myocardial infarction, cardiac hypertrophy, and heart failure, 13,14 Cx43 underwent remodeling (reduction or redistribution), and this mechanism appears to underlie arrhythmogenesis in ischemia and heart failure. [15] [16] [17] In rats, acute ischemia induces Cx43 dephosphorylation, GJ uncoupling, conduction slowing, and ventricular tachyarrhythmia (VT). [15] [16] [17] In the hypertrophied right ventricles of rats with pulmonary hypertension, Cx43 underwent internalization, dephosphorylation, and degradation. 18 In Cx43-deficient mice, GJ uncoupling induced a sharp (>80%) reduction in Cx43 expression and a moderate (~40%) decrease in CV, 19,20 as well as regional heterogeneity in repolarization current. 21 This mutation resulted in high (~80%) mortality due to spontaneous arrhythmias in 1 study, 19 whereas other groups have documented inducible arrhythmias in the same model. 20, 21 Heterozygous Cx43 (+/-) knockout mice exhibit negligible spontaneous arrhythmia, but acute ischemia reproducibly induces ventricular fibrillation (Vf). 22 In several studies, ischemia or rapid pacing induced alternans is char-UNUMA K et al.
acterized by alternating variation in action potential duration (APD) or Ca 2+ transients from beat to beat; 17,23,24 this condition underlies most ventricular arrhythmias. In an ischemic rat heart, the GJ enhancer, rotigaptide, suppressed Cx43 dephosphorylation, alternans, and ventricular tachycardia. 17 These findings suggest that enhanced GJ coupling prevents the emergence of non-GJ arrhythmic substrates, whereas reduced GJ coupling promotes arrhythmogenesis.
Despite this clinical importance, there has been no study on the induction of arrhythmia by emotional stress in a rodent model with respect to change in Cx43.
In the present study, we showed the protective effect of GJ-Cx43 coupling against lethal arrhythmias in the IMO model and a possible therapeutic target to prevent sudden cardiac death.
Methods

Animals
This study protocol was approved by the Institutional Animal Care and Use Committee of the University of Tokyo. Sixweek-old male Sprague -Dawley rats underwent IMO in a supine position by securing them on a board without anesthesia. Control rats were allowed free movement (F). Telemetry transmitter devices (Data Sciences International) for electrocardiographic (ECG) monitoring were implanted 7 days before the experiment. Carbenoxolone (CBX) dissolved in phosphate-buffered saline (PBS) was infused intravenously at a dose of 0.12 or 0.25 mg · kg -1 · h -1 for 30 min before IMO and throughout the experiment. Rats were assigned randomly to 1 of 5 groups: F + PBS (n=10), F + CBX (0.25 mg · kg -1 · h -1 ; n=10), IMO + PBS (n=10), IMO + CBX (0.12 mg · kg -1 · h -1 ; n= 11), or IMO + CBX (0.25 mg · kg -1 · h -1 ; n=23; Figure 1A ) for 
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ECG. For Western blot analysis, real-time reverse transcriptase polymerase chain reaction, dye-transfer assay, and immunohistochemistry, rats were assigned into 1 of the following groups: F + PBS, F + CBX (0.25 mg · kg -1 · h -1 ), IMO + PBS, IMO + CBX (0.25 mg · kg -1 · h -1 ), F, IMO (Figures 1B, C) (n=given in the legends).
ECG Analysis
ECG analysis was performed using an ECG processor (Softron, Japan), as described by Kuwahara et al. 25 For the measurement of QRS duration, the averages of the QRS durations for all waves during 55-60 min of IMO for each rat were calculated by the ECG processor. 25 The means ± SE of all of the average values were shown.
We also monitored premature ventricular contractions (PVCs) over a 40-70-min period and VT/Vf over a 0-120-min period, according to the guidelines of the Lambeth Convention (Walker et al). 26 
Subcellular Fractionation and Western Blot Analysis
Subcellular fractionation was performed as previously described. 27, 28 Heart homogenate was centrifuged at 1,000 × g for 10 min, and the supernatant was spun at 100,000 × g for 60 min. The 1,000 × g pellets, 100,000 × g pellets, and 100,000 × g supernatant are referred to as the P1, P2, and S fractions, respectively. Protein concentrations were determined using a Coomassie Protein Assay Kit (Pierce, Rockford, IL, USA). After separating the proteins via SDS-PAGE on 12.5% gels (5 μg per lane), Western blotting was performed using antiCx43 (71-0700, Zymed-Invitrogen, Carlsbad, CA, USA) or anti-actin (Sigma-Aldrich, Tokyo, Japan) antibody. Protein expression was determined from a standard curve constructed by plotting band densities and normalized against actin expression.
Immunofluorescence Analysis
Transverse sections were fixed in paraformaldehyde and embedded in paraffin. The sections underwent microwave treatment in citrate buffer before incubation with anti-Cx43 antibody (diluted 1:500) or anti-Cx43 plus anti-N-cadherin antibodies (Abcam, Cambridge, England; diluted 1:500), followed by fluorescein-conjugated anti-rabbit IgG (Vector Laboratories, Burlingame, CA, USA).
Dye Transfer Assay in Heart Sections
The GJ intercellular communication (GJIC) activity of each section was evaluated according to previous reports, 29,30 with our modification. 28 GJIC was examined in pairs of rats, one of which underwent IMO + CBX for 60 min, while the other served as a control (free movement). Transverse sections were excised from the apexes. The upper surface of the transverse section was cut linearly in the anterior to posterior direc- antibodies. C and I show P2 samples prepared from hearts of control rats (0 min of IMO) and ischemic rats (coronary occlusion as a control for Cx43 dephosphorylation), respectively. After 45 min of ischemia, a large portion of the Cx43 pool was dephosphorylated and had migrated to 41 kDa, which was consistent with a previous study finding. 26 (B-1, B-2) Representative Western blotting and quantification of Cx43/actin levels (mean ± SE, n=10 each), respectively, during IMO. *P< 0.05 vs 0 min of IMO. F, free-moving. UNUMA K et al.
tion and immediately immersed in Hank's Balanced Buffer Solution (HBSS) containing 2.5 mg/ml of Lucifer yellow (LY) and 2.5 mg/ml of dextran-rhodamine (DR) at 25°C. After 2 min of incubation side by side, the sections were washed with PBS, embedded in OCT compound (Sakura Finetek, Torrance, CA, USA), and frozen. The sections (6 μm thick) were cut perpendicular to the cut surface. Both FITC (LY) and TRITC (DR) fluorescence images were obtained from the same field under a fluorescent microscope (×40), and the distances of LY and DR diffusion were measured at 5 points on the same section using Image-Pro Plus image analysis software (Media Cybernetics, Bethesda, MD, USA).
Statistical Analysis
Data were expressed as the mean ± standard deviation in Table and the mean ± standard error in all subsequent tables. A Student's t-test was used for comparison between the 2 groups, whereas analysis of variance was used for comparison between multiple groups, with Tukey's or Dunnett's post hoc test. For non-parametric analyses between the 2 groups, the Kruskal -Wallis test and the Steel procedure were used. Differences were considered significant at P<0.05.
Results
Translocation of Cx43 to Intercalated Discs During IMO
The temporal change in Cx43 distribution was analyzed by
Western blotting using the subcellular fractions of hearts from rats that underwent IMO for 0-240 min. The P1, P2, and S fractions were enriched with myofibrils and nuclei, cell membranes containing the GJs, and the cytosol, respectively. 27, 28 Western blotting revealed that the P1 fraction also contained markers for the endoplasmic reticulum and Golgi apparatus, as previously reported. 28 In the P2 fraction from free-moving rats, the major bands for Cx43 migrated at 44-46 kDa (phosphorylated Cx43), with another faint band at 41 kDa (dephosphorylated Cx43; Figure 2A) , as previously reported. 18,28 However, IMO elicited a 2-fold increase in the amount of phosphorylated Cx43 in the P2 fraction; this response peaked at 60 min, and then returned to the baseline level at 2 h ( Figures 2B-1,B-2) . No change in the Cx43 protein level was observed in free-moving rats throughout the observation period (0-240 min), and no change in Cx43 dephosphorylation was observed throughout IMO (Figures 2  B-1, B-2 ).
In the rat heart homogenate, IMO increased the Cx43 level from 30% to 55% of the total Cx43 in the P2 fraction ( Figure 3A) . However, no change in the total amount of Cx43 mRNA or protein was observed (Figures 3A,B) , suggesting that the enrichment of Cx43 in the P2 fraction occurred due to translocation, not to transcriptional activation or protein synthesis. In the P1 fraction, IMO decreased the Cx43 level from 65% to 40% of the total Cx43 amount ( Figure 3A) . No change in Cx43 in the S fraction was observed after IMO. 
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These results suggest the transient translocation of Cx43 from the P1 fraction to the P2 fraction during IMO. Furthermore, no difference in Cx43 content was observed between the apex and base of the heart in the P2 fraction (data not shown).
Consistent with the translocation of Cx43 into the GJ-rich fraction, Cx43 immunofluorescence increased at intercalated discs after 60 min of IMO (Figures 4A, B) . No difference in Cx43 fluorescence intensity was observed between the epiand end-myocardium (data not shown).
Arrhythmias and Death Induced by IMO With CBX Infusion IMO for 240 min did not induce sudden arrhythmic death in any rat (n=10), suggesting that Cx43 translocation and subsequent GJIC activation protects against lethal arrhythmias under stress. To test this hypothesis, the specific GJ inhibitor, CBX, was used to block the GJ coupling effect of Cx43 translocation. CBX is a relatively specific GJ inhibitor, 31-33 but might affect serum electrolytes. 34 Among IMO rats, CBX had no effect on serum electrolytes, systolic blood pressure, or brain natriuretic peptide, but did marginally decrease heart rate (Table) .
Because of its limited solubility, the low or high dose (0.12 and 0.25 mg · kg -1 · h -1 , respectively) of CBX was dissolved in PBS. 34 CBX was infused intravenously, starting 30 min before IMO and continuing throughout. IMO + CBX induced death following sustained VT/Vf; this effect was dose-dependent, occurring earlier and more frequently at the high dose (21.7%) than at the low dose (9.1%; Figure 5A ). Neither IMO nor CBX alone induced lethal VT/Vf. In all lethal cases, Vf was typically triggered by PVCs overridden on the T-wave of the precedent beat ("R on T"; Figure 5B ).
GJIC activity was evaluated using a dye transfer assay. GJs are permeable to small molecules such as LY, but not to large molecules such as DR. However, cells become permeable to both DR and LY upon membrane disruption. DR transfer did not differ between paired IMO and free-moving rats, and it was thus used as a control for LY transfer in response to membrane disruption. GJIC activity was normalized by calculating the ratio of the distance of LY transfer to that of DR transfer on the same section, 28 rather than the balance between LY and DR diffusion, as reported previously, 29,30 which was very small. IMO for 60 min enhanced GJIC activity 2-fold compared to that observed in freemoving rats ( Figure 6A) .
GJ uncoupling through targeted deletion of the Cx43 gene causes ventricular conduction slowing and QRS prolongation. 19-21 Accordingly, we compared the QRS duration (55-60 min) and dye transfer in the same rats after IMO for 60 min with CBX infusion (Figure 6 ). GJIC activity (dye transfer) decreased significantly in rats with QRS intervals >14 ms compared to those with QRS intervals <14 ms, suggesting that reduced GJIC activity slows ventricular conduction during IMO with CBX.
We then examined the effect of the GJ inhibitor CBX on QRS duration. The QRS interval was marginally longer with CBX treatment than without in free-moving rats ( Figure 7A) . IMO alone did not increase QRS duration; however, in the presence of CBX, IMO prolonged QRS duration to a greater degree in decedents than in survivors (Figure 7A) , supporting causality between ventricular conduction delay and mortality.
PVCs were quantified during a 40-70-min period of IMO ( Figure 7B ). IMO elicited a 5-fold increase in PVCs compared to free-moving rats, but did not induce lethal arrhythmias. In the presence of CBX, IMO elicited a 2.6-fold increase in the number of PVCs in decedents compared to survivors ( Figure 7B) . Mortality was associated with increased PVC frequency and longer QRS duration.
Discussion
Our data demonstrate that IMO with CBX induces lethal arrhythmias in rats, which exhibits GJ inhibition and QRS prolongation. Additionally, IMO induces Cx43 translocation to GJs, and suppressed lethal arrhythmia. This is the first report on the causal relationship between IMO or other emotional stressors and arrhythmia in an animal model and on the anti-arrhythmic effect of Cx43 translocation.
Translocation of Cx43
IMO induced the translocation of Cx43 from the P1 fraction to the P2 fraction ( Figure 3A) and enhanced Cx43 immunofluorescence at intercalated discs (Figure 4) . Cx43 translocation to intercalated discs enhanced GJ coupling, as evidenced by enhanced dye transfer during IMO (Figure 6) . In cultured cardiomyocytes, rapid electrical stimulation (tachycardia), 
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hypoxia, aldosterone, and adrenergic stimulants upregulate the expression of Cx43 mRNA and protein. [35] [36] [37] [38] Although these stimuli simulate IMO, no increase in Cx43 mRNA or protein expression was observed during IMO ( Figure 3B) .
Cx43 is thought to undergo trafficking from the endoplasmic reticulum to the Golgi apparatus and finally to GJs. 39 In previous studies, we detected abundant endoplasmic reticulum/Golgi markers in the P1 fraction, but no endoplasmic reticulum/Golgi-like structure in immunofluorescence images. 28 These data support the notion of accelerated Cx43 trafficking during IMO. However, these findings were difficult to confirm in this study, given that a Cx43 translocation inhibitor is not available and because Cx43 expression in the endoplasmic reticulum/Golgi apparatus is not observable without overexpression or fusion with green fluorescent protein. 38 Both Cx40 and Cx45 are expressed in the atrium and impulse-conducting system, respectively, 40, 41 and changes in the expression of these molecules might induce arrhythmia. However, no change in the expression of Cx45 or Cx40 was observed during IMO (online data supplement, Figure S1) .
Recently, we found that coronary occlusion induces transient Cx43 translocation, followed by dephosphorylation and reduction. 28 Except for our 2 reports, there has been no other report on the Cx43 translocation in clinical or experimental settings. In the present study, neither Cx43 dephosphorylation nor reduction was observed after 2 h of IMO ( Figure 2B) . The possible contribution of ischemia, tachycardia, or adrenergic stimulation in the IMO-induced translocation of Cx43 awaits further study.
Validation of the IMO Model and CBX
After CBX infusion, IMO induced lethal VT/Vf in 21.7% of rats; this response was associated with QRS prolongation and increased PVCs (Figures 5,7) .
CBX alone had no apparent effect on ECG response (Figure 5 ) or serum electrolytes (Table) . Previous studies confirmed the lack of any influence of CBX on major ionic currents in the heart and the effect on CV and GJ uncoupling in hearts. 31-33 Also, marked Cx43 reduction does not appear to elicit arrhythmogenesis in animal models of heart disease, except for that of acute ischemia. 15, 22 For example, in a previous study examining GJ remodeling in mice, aortic banding resulted in a marked reduction in Cx43 in GJs, but this decrease had no subsequent effect on the development of ventricular arrhythmias in response to programmed electric stimulation. 42 However, CBX induced lethal arrhythmia under IMO conditions. This suggests that Cx43 translocation, under emotional stress, is a physiological countermeasure against 
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lethality.
The frequency of lethal VT/Vf induction was low (21.7%) in IMO rats with CBX infusion (Figure 5A) . However, in the same animals, dye transfer (GJIC activity) was lower in hearts with QRS durations >14 ms than in hearts with QRS durations <14 ms (Figure 6 ) and lower overall in decedents than in survivors (data not shown). These results suggest a link between CBX treatment and GJ uncoupling, conduction slowing, QRS prolongation, and lethal arrhythmia. Because CBX in high dose has other functions besides blocking GJIC, such us blocking 11β-hydroxysteroid dehydrogenase or other enzymes, we applied lower doses.
Mechanism of Lethal Arrhythmias
IMO alone induced an increase in PVCs (Figure 7B ), but not in VT/Vf (Figure 5A ). In the presence of CBX, IMO further increased PVCs and induced lethal VT/Vf in rats with highly frequent PVCs (Figures 5A,7B) . These findings are consistent with the contribution of GJ uncoupling to the induction of PVCs, which are well-known prerequisites for VT/Vf. 15 PVCs were more frequent in decedents than in survivors. **P<0.01; *P<0.05 vs free-moving (F) rats.
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In a subsequent experiment, we confirmed that a higher dose of CBX further increased the frequency and induced earlier onset of VT/Vf during IMO ( Figure 5A) . Additionally, more frequent PVCs and longer QRS durations were associated with lethal ventricular arrhythmia (Figure 7) . Vf was typically triggered by PVCs overridden on the precedent T wave ("R on T"; Figure 5B ). Lower GJIC activity (dye transfer) was also associated with increased QRS interval (Figure 6 ), implicating GJ uncoupling as the primary cause of reduced CV.
Moderate GJ uncoupling is thought to be required for PVC and VT/Vf. 15 In an ischemic heart, elicited or spontaneous PVCs triggered Vf during a window of ischemia with moderate GJ uncoupling. 15 In Cx43 (+/-) mice, ischemia alone reproducibly triggered PVCs and subsequent VT. 22 Additionally, PVCs are thought to arise when currents flow from cells with higher APD to adjacent cells, thereby inducing depolarization. 15 In Cx43 conditional KO hearts, sustained VT can be triggered by extra-electrical stimuli under electrical remodeling (regional heterogeneity in APD propagation or repolarization currents), as well as by an anisotropic conduction block. 43 These findings suggest an interplay between moderate GJ uncoupling and the heterogeneous distribution of electrical activity in arrhythmogenesis.
IMO induces tachycardia and a catecholamine surge. Tachycardia triggers spatially "discordant alternans" (DA), an alteration in contraction, APD, or Ca 2+ transient that is spatially out of phase and leads to lethal arrhythmia. 23, 24 Temporal or spatial heterogeneity in repolarization, APD restitution, or Ca 2+ transient induces DA, 23,24 which in turn induces extrasystole (ie, PVCs) through depolarization triggered by focal elevation of Ca 2+ after infarction. 44 DA can also promote wave break, unidirectional conduction block, or re-entry, thereby triggering sustained VT/Vf. 23 DAs occurs as a result of heterogeneous GJ uncoupling. 17,23, 24 In a dog heart failure model, Cx43 expression and APD dispersion were heterogenous. 42 During IMO, heterogenous perfusion of CBX or metabolites/ions with effects on GJ might underlie heterogeneous GJ uncoupling. In acute ischemia, the GJ enhancer peptide, rotigaptide, attenuates GJ uncoupling, thereby enhancing repolarization and limiting conduction slowing, DA, and inducible ventricular tachycardia. 17 The effects of rotigaptide explain the anti-arrhythmic effect of Cx43 translocation during IMO; that is, Cx43 translocation ameliorates heterogeneity in GJ coupling and electrical activities. Optical mapping is required to study DA, but was not used in the IMO rats because anesthesia and thoracotomy were unavailable.
Rapid pacing or ischemia also induces Ca 2+ transient alternans through fluctuation of Ca 2+ release from the sarcoplasmic reticulum (SR). 24 Catecholamine promotes spontaneous Ca 2+ release or leakage from SR, which then triggers delayed after-depolarization (DAD) and triggered activity (TA), which are important factors in PVCs and VT/Vf in disease. 16 Additionally, emotional stress and catecholamines induce lethal arrhythmias in catecholaminergic VT as a result of genetic defects in SR Ca 2+ handling proteins such as ryanodine receptor 2 (RyR2). 45 The phosphorylation of RyR2 is induced by adrenergic stimulation, which promotes SR Ca 2+ release and arrhythmogenesis, even in the absence of heart disease. 46 Collectively, IMO with CBX treatment would be expected to induce PVCs and VT/Vf through the interplay of heterogeneous GJ uncoupling and non-GJ arrhythmic substrates (eg, dispersion of repolarization or SR Ca 2+ release). The non-GJ arrhythmic substrates await further study.
Clinical Implications
The IMO model described here will be helpful in elucidating the mechanism underlying arrhythmia under emotional stress in heart diseases with GJ uncoupling. Based on this and previous studies, cardiac GJs appear to be uncoupled as a result of the reduction, redistribution, or dephosphorylation of Cx43 in a diseased heart. 15-18 In a diseased heart with GJ uncoupling, sufficient GJ coupling through Cx43 translocation is impaired under emotional stress like restraint, and lethal arrhythmias could be induced. GJ coupling reagents such as rotigaptide 17 would be a new therapeutic agent for arrhythmias.
At the same time, sudden cardiac death occasionally occurs as a result of restraint in persons with heart diseases; in such cases, restrainers are often suspected for murder, but this study supports the intrinsic nature of death when restraint is used, and the innocence of the restrainer.
